INTRODUCTION {#S1}
============

While multiple myeloma (MM) remains to a large extent incurable,^[@R1],\ [@R2]^ novel therapies, i.e. proteasome inhibitors (PI), immunomodulatory drugs (IMiD), and monoclonal antibodies have markedly extended survival.^[@R3][@R4]^ Each wave of new therapies has sparked a re-examination of the role of autologous stem cell transplantation (ASCT), which has been a hallmark of disease management for decades.^[@R5]--[@R7]^ However, ASCT has largely withstood the test of time as a distinct, highly effective treatment modality,^[@R8],\ [@R9]^ and MM remains the most common indication for ASCT in the United States.^[@R10],\ [@R11]^

The timing of ASCT during the treatment of MM remains an open question.^[@R12]^ The Intergroupe Francophone du Myélome (IFM) 2009 trial demonstrated that patients receiving up-front ASCT have improved progression-free survival (PFS), but similar overall survival (OS) compared to patients where ASCT was only offered after first disease progression (172 patients in the latter arm received second-line therapy; 136/172 \[79%\] underwent delayed ASCT).^[@R8]^ These findings are consistent with other retrospective reports showing no OS benefit for patients receiving early versus delayed ASCT.^[@R13],\ [@R14]^ As such, it is not uncommon to store stem cells and delay ASCT until later in the disease course.^[@R15]^

While the prognostic significance of achieving a durable complete response (CR), particularly after ASCT, is well documented,^[@R16]--[@R18]^ the impact of the depth of pre-ASCT response on post-ASCT survival is limited. One study using the Center for International Blood and Marrow Transplant Research (CIBMTR) database demonstrated that in patients achieving less than a partial response (PR) after induction, additional therapy before up-front ASCT did not improve PFS or OS from the date of stem cell infusion (Day 0).^[@R19]^

There is no data regarding the impact of re-treating with induction prior to salvage ASCT, i.e. when transplant is delayed until after disease progression. It should be noted that in the aforementioned IFM 2009 trial, the 136 patients who underwent delayed transplant received mostly PI- or IMiD-based regimens before salvage ASCT.^[@R8]^ However, it is unknown if patients who are re-induced have superior outcomes compared to patients proceeding directly to salvage ASCT.

While undoubtedly many factors, such as age, the kinetics of progression, clinical symptoms attributed to relapse, prior disease responsiveness, and patient preference affect the choice to re-induce prior to salvage ASCT, the paucity of literature on the topic motivated the present study. Further, we sought to determine prognostic factors for survival after salvage ASCT in the era of novel therapies.

METHODS {#S2}
=======

We identified 380 patients with MM who underwent their first ASCT \>12 months after diagnosis from January 1, 2006 to January 1, 2017 at Mayo Clinic Rochester. 121 had a delayed transplant, but no progression prior to ASCT and were excluded. Another 17 patients had less than a PR after their initial treatment, and thus were deemed primary refractory and were excluded. Finally, 8 patients were excluded because they received a planned tandem ASCT. We did not exclude 22 patients who went on to receive a second salvage ASCT later in their treatment course, i.e. at least 12 months after their first ASCT. A total of 234 patients undergoing their first ASCT were included in the present study, which was approved by our Institutional Review Board, in accordance with the Declaration of Helsinki.

Patients were diagnosed according to contemporaneous International Myeloma Working Group (IMWG) criteria.^[@R20],\ [@R21]^ Likewise, the IMWG Uniform Response Criteria were used.^[@R22],\ [@R23]^ Post-ASCT response was determined on Day +60 or after, with the best-response until progression also captured. The international staging system (ISS) was used at diagnosis.^[@R24]^ High-risk cytogenetics were defined as t(4;14), t(14;16), t(14;20) and del 17p/monosomy 17. Serum free light chain ratios outside the range of 0.26 to 1.65 were considered abnormal.^[@R25]^

In the manuscript, the date of progression after which salvage ASCT was deemed necessary is referred to as *T*~*0*~. Further, "pre-ASCT" refers to the laboratory findings immediately prior to Day 0. We examined the use of re-induction after *T*~*0*~, prior to Day 0, as outlined in [Figure 1](#F1){ref-type="fig"}.

We categorized progression (*T*~*0*~) "on-therapy" in patients who were on continuous therapy or completed anti-myeloma therapy within the preceding 60 days, and thus met the criteria for refractory disease.^[@R26]^ Progression \>60 days after stopping therapy was defined as progression (*T*~*0*~) "off-therapy." Duration of response (DOR) prior to *T*~*0*~ was defined as the time from achievement of at least PR to *T*~*0*~. Lines of therapy were defined according to Rajkumar et al.^[@R27]^ For the assessment of treatment response after re-induction (prior to salvage ASCT), relapsed/refractory (R/R) disease was defined as meeting progression criteria while on re-induction therapy, or progressing within 60 days of stopping treatment in patients who at least achieved at least a minimal response.^[@R27]^

Time to next therapy (TNT) was defined as the time from Day 0 to the initiation of a new therapy, but not including planned consolidation or maintenance. Patients who were alive and had not received a new therapy after ASCT, or died without receiving another therapy, were censored at the time of last follow-up, as of May 15, 2018. Progression-free survival (PFS) was defined as the time from ASCT to disease progression or death, with patients alive and progression-free censored at the time of last follow-up. Overall survival (OS) was defined as the time from Day 0 to death from any cause, with patients who remained alive censored at the time of last follow-up. TNT, PFS, and OS were estimated using the Kaplan-Meier method and compared using the log-rank test. Cox proportional hazard models were used for TNT/OS. Logistic regression models were used to determine factors associated with best-response post-ASCT. Variables with *p*\< .10 in univariate models were included in multivariate models. Median follow-up time was calculated using the reverse Kaplan-Meier method.^[@R28]^ The Mann-Whitney *U* test and Fisher's Exact test were used to compared continuous and categorical variables, respectively. Statistical analysis was completed using JMP 14.0 (SAS Institute Inc., Cary, NC, USA) and EZR 1.36.^[@R29]^

RESULTS {#S3}
=======

Characteristics at diagnosis and *T*~*0*~ {#S4}
-----------------------------------------

Two hundred and thirty-four patients underwent salvage ASCT: 188 (80%) were re-induced after *T*~*0*~, whereas 46 (20%) proceeded directly without re-induction. Baseline characteristics were comparable between the two groups at diagnosis ([Table 1](#T1){ref-type="table"}), including age, ISS stage, and presence of high-risk cytogenetics. Initial induction regimens and deepest response prior to *T*~*0*~ were also similar.

Bone marrow plasma cell (BMPC) percentage at stem cell collection was comparable between the two groups (5% vs. 5%, *p*= .58). However, patients in the re-induction group had a longer time from diagnosis to stem cell collection (median 11.2 vs. 8.2 months, *p*= .0082). There were also trends towards more patients in the re-induction group having been treated with \>1 line of therapy prior to *T*~*0*~ (38% vs. 26%, *p*= .17) and having a shorter DOR prior to *T*~*0*~ (14.7 vs. 18.5 months, *p*= .12).

Overall, the majority (82%) of patients met biochemical IMWG progression criteria at *T*~*0*~ ([Table 1](#T1){ref-type="table"}). More patients in the re-induction group met clinical progression criteria only, e.g. from new or expanding bone lesions or plasmacytomas (19% vs. 4%, *p*= .0347).

Re-induction regimens {#S5}
---------------------

Among the 188 patients who were re-induced, most (n=134, 71%) received one line of therapy ([Table 2](#T2){ref-type="table"}). Sixty-six of these received a triplet regimen. Thirty-four patients (18%) received two lines of re-induction; twenty-four of these received ≥1 alkylating agent. Finally, 20 patients (11%) received ≥3 lines of re-induction; nearly all (n=18) received ≥1 alkylating agent, and eight were treated with VD PACE-like regimens. Just 6/188 patients (3%) overall were re-induced with a monoclonal antibody-containing regimen.

Pre-ASCT characteristics {#S6}
------------------------

Characteristics immediately prior to ASCT ("pre-ASCT") ([Table 3](#T3){ref-type="table"}) were comparable. As expected, the re-induction group had a longer time from *T*~*0*~ to ASCT (5.3 vs. 2.3 months, *p*\< .0001). Intuitively, the direct to ASCT group had a higher pre-ASCT BMPC percentage (median 15% vs. 5%, *p*= .0018) and a trend towards a greater serum M-protein (median 1.3 vs. 0.8 g/dL, *p*= .07).

Responses to re-induction prior to salvage ASCT {#S7}
-----------------------------------------------

Relative to *T*~*0*~, 116/188 patients (62%) responded to re-induction: stringent complete response (sCR) in 8 (4%), CR in 8 (4%), VGPR in 39 (21%), and PR in 61 (32%). Another 37/188 patients (20%) had stable disease (SD) after re-induction. 35/188 patients (19%) met progression criteria relative to *T*~*0*~ on re-induction therapy and were deemed R/R. Furthermore, 15/116 patients with an initial response (≥PR) progressed on-therapy prior to ASCT and were classified as R/R. Of the remaining 138 patients with ≥SD that did not progress prior to ASCT, 14/138 were treated with ≥3 lines of re-induction therapy and were included in the R/R group. Thus, at the time of salvage ASCT, the R/R group contained 64/188 (34%) patients, while 78/188 (41%) had PR or SD, and 46/188 (24%) had ≥VGPR ([Table 3](#T3){ref-type="table"}).

Best-responses after salvage ASCT {#S8}
---------------------------------

The re-induction and direct to ASCT groups had similar Day +100 ([Supplemental Figure 1](#SD2){ref-type="supplementary-material"}) and best-responses ([Figure 2a](#F2){ref-type="fig"}) after transplant, with a trend towards deeper best-responses in the re-induction group: 84/188 patients (45%) achieved ≥CR vs. 15/46 (33%) in the direct to ASCT group (*p*= .18). Notably, the usage of post-ASCT maintenance and consolidation were similar between the re-induction and direct to ASCT groups ([Table 3](#T3){ref-type="table"}). In a multivariate logistic regression model for best-response ≥CR post-ASCT ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}), deepest response prior to *T*~*0*~, (≤VGPR vs. ≥CR) and BMPC percentage at stem cell collection (\>10% vs. ≤10%) were associated with a significantly lower relative odds of achieving ≥CR post-ASCT.

When examining the 188 patients who were re-induced, patients with ≥VGPR pre-ASCT had significantly deeper best-responses after transplant, with 35/46 (76%) achieving ≥CR ([Figure 2b](#F2){ref-type="fig"}). Just 27/78 (35%) of patients with PR/SD pre-ASCT achieved ≥CR; of the patients with R/R disease pre-ASCT, 22/64 (34%) achieved ≥CR (*p*\< .0001).

Survival comparison between re-induction and direct to ASCT groups {#S9}
------------------------------------------------------------------

The median TNT (mTNT) for the entire cohort from Day 0 was 17.2 months (95% CI 14.8--19.7); median OS (mOS) was 50.4 months (95% CI 43.3--60.7). With a median follow-up of 60.9 months (95% CI 55.0--68.9), TNT, PFS, and OS were comparable between the re-induction and direct to ASCT groups ([Figure 3a](#F3){ref-type="fig"}--[b](#F3){ref-type="fig"} and [Supplementary Figure 2](#SD3){ref-type="supplementary-material"}).

Survival in the re-induction group {#S10}
----------------------------------

In a subgroup analysis of the 188 patients who were re-induced, disease status pre-ASCT significantly affected survival ([Figure 3c](#F3){ref-type="fig"}--[d](#F3){ref-type="fig"}). TNT at 1-year post-ASCT was 79.2% in the ≥VGPR group, 62.1% in the PR/SD group, and 45.7% in the R/R group (*p*= .0003). mOS was 86.1, 50.5, and 33.0 months for the three groups, respectively (*p*= .0033). Interestingly, time from diagnosis to *T*~*0*~ was comparable between the three groups (27 vs. 28 vs. 26 months, respectively, *p*= .26). However, the R/R group had a significantly more patients with high-risk cytogenetics (34% vs. 15% and 15% in the PR/SD and ≥VGPR groups, respectively, *p*= .0039) and shorter DOR prior to *T*~*0*~ (10.5 vs. 18.5 and 16.6 months, respectively, *p*= .0011) ([Supplementary Tables 2](#SD1){ref-type="supplementary-material"} and [3](#SD1){ref-type="supplementary-material"}). The median pre-ASCT BMPC percentage in the R/R group was 26% (vs. 7% and 1% in the PR/SD and ≥VGPR groups, respectively, *p*\< .0001).

When separating by disease status pre-ASCT (≥SD vs. R/R) and best-response post-ASCT (sCR vs. CR/VGPR vs. ≤PR), patients achieving a best-response of sCR in both the ≥SD and R/R groups had longer TNT and OS ([Figure 4a](#F4){ref-type="fig"}--[b](#F4){ref-type="fig"}), which were comparable. However, when examining patients with a best-response post-ASCT of CR/VGPR, the pre-ASCT R/R group fared significantly worse than the pre-ASCT ≥SD group (mTNT 11.3 vs. 17.0 months, *p*= .0022; mOS 30.8 vs. 57.7 months, respectively, *p*= .04). Further, patients in the pre-ASCT R/R group who achieved a best-response post-ASCT of ≤PR had very poor survival compared to the pre-ASCT ≥SD group (mTNT 4.7 vs. 9.6 months, *p*= .05; mOS 13.1 vs. 48.1 months, respectively, *p*= .0071).

Survival in the direct to ASCT group {#S11}
------------------------------------

When examining the 46 patients in the direct to ASCT group ([Figure 4c](#F4){ref-type="fig"}), patients with a best-response post-ASCT of sCR had significantly longer TNT (34.5 vs. 19.7 months in patients with best-response ≤CR, *p*= .04). However, OS was similar regardless of best-response ([Figure 4d](#F4){ref-type="fig"}). Interestingly, unlike to the re-induction cohort, patients in the direct to ASCT group who achieved a best-response ≤PR had overlapping TNT/OS with patients who achieved CR/VGPR ([Figure 4c](#F4){ref-type="fig"}--[d](#F4){ref-type="fig"}). Survival stratified by best-response post-ASCT was comparable between patients who proceeded directly to ASCT and those in the re-induction group who had ≥SD pre-ASCT, save for a trend towards longer TNT in patients with a best-response ≤PR in the direct to ASCT group (21.2 vs. 9.6 months in the ≥SD after re-induction group, *p*= .13) ([Figure 4a](#F4){ref-type="fig"} and [4c](#F4){ref-type="fig"}).

Univariate and multivariate analyses for TNT and OS {#S12}
---------------------------------------------------

In a univariate analysis for TNT, time period of ASCT (before January 1, 2013 vs. after), high-risk cytogenetics (at diagnosis), ISS (III vs. I or II, at diagnosis), DOR prior to *T*~*0*~, number of lines of therapy prior to *T*~*0*~ and BMPC percentage at stem cell collection (\>10% vs. ≤10%) were significant ([Table 4](#T4){ref-type="table"}). In a multivariate analysis which included these variables, and treatment with re-induction, only high-risk cytogenetics predicted for shorter TNT (hazard ratio \[HR\] 2.16, 95% CI 1.27--3.66, *p*= .004). Notably, re-induction did not significantly affect TNT in the multivariate analysis.

In a univariate analysis for OS, time period of ASCT, high-risk cytogenetics, ISS, DOR prior to *T*~*0*~, number of lines of therapy prior to *T*~*0*~, BMPC percentage at stem cell collection and progression (*T*~*0*~) on-therapy were significant ([Table 4](#T4){ref-type="table"}). When these variables, and treatment with re-induction, were included in a multivariate model, significant predictors for shorter OS included ISS at diagnosis (III vs. I or II, HR 1.96, 95% CI 1.02--3.77, *p*= .0437) and high-risk cytogenetics (HR 2.11, 95% CI 1.14--3.89, *p*= .02). Consistent with the above findings, re-induction did not significantly affect OS.

Univariate and multivariate analyses were also performed in the subgroup of 188 patients treated with re-induction prior to salvage ASCT ([Supplementary Table 4](#SD1){ref-type="supplementary-material"}). Again, high-risk cytogenetics predicted for shorter TNT (HR 2.37, 95% CI 1.28--4.38, *p*= .01) after adjusting for several factors including disease status pre-ASCT. For OS, disease status pre-ASCT (R/R vs. ≥SD, HR 1.81, 95% CI 1.01--3.27, *p*= .0477) was significant in the multivariate analysis.

Survival in patients with one line of induction prior to *T*~*0*~ {#S13}
-----------------------------------------------------------------

We performed a sub-group analysis of the 125 patients who received only one line of induction prior to *T*~*0*~ and also met criteria for IMWG biochemical progression at *T*~*0*~ (as opposed to clinical-only relapse). There were 93 and 32 patients in the re-induction and direct to ASCT groups, respectively. Median time from diagnosis to *T*~*0*~ was 24.6 and 22.2 months, respectively (*p*= .98). Survival post-transplant in the re-induction group did not significantly differ from the direct to ASCT group (mTNT 17.0 vs. 19.9, *p*= .65; mOS 50.9 vs. 69.4 months, respectively, *p*= .53) ([Supplementary Figure 3](#SD4){ref-type="supplementary-material"}).

DISCUSSION {#S14}
==========

High-dose melphalan followed by ASCT is the single most effective mono-therapy for the treatment of MM.^[@R9],\ [@R30],\ [@R31]^ It retains activity in the salvage setting, and is cost-effective in era of novel agents.^[@R32]^ In the present study, we examined the impact of re-induction prior to salvage ASCT. Most patients (n=188, 80%) received re-induction; 46 (20%) proceeded directly to salvage ASCT. Re-induction facilitated 124/188 patients (65%) entering transplant with ≥SD, as opposed to 46/46 (100%) entering transplant with active R/R disease in the direct to ASCT group. Re-induction also resulted in a non-significant trend towards more patients (45% vs. 33%, *p*= .18) achieving a best-response ≥CR after ASCT. However, post-ASCT survival was comparable between the two groups, even after adjusting for multiple pre-transplant factors. Further, when restricting the analysis to the 125 patients who received one line of induction prior to *T*~*0*~ and met biochemical progression criteria, there remained no survival advantage post-ASCT for patients who were re-induced.

It is possible that there were fundamental differences between the two treatment groups that were not accounted for, perhaps signaled by the greater proportion of clinical relapses in the re-induction group, or the trend towards longer TNT in patients achieving a best-response ≤PR in the direct to ASCT group. It is conceivable that some patients in the direct to ASCT group had an indolent or MGUS-like phenotype.^[@R17],\ [@R33]^ Another caveat is that the choice to re-induce was dependent on the assessment of the treating physicians, and not based on any specific criteria. For some patients, the decision may have been pragmatic rather than clinical, e.g. to accommodate waiting for insurance approval. Finally, the re-induction regimens *per se* were quite heterogeneous. As such, we are cautious about our conclusions, as there may indeed be a subset of patients who benefit from re-induction. However, a significant concern is that some patients who are re-induced with the intent to achieve a response prior to transplant may never actually make it to salvage ASCT because of physical decline, infections, and/or clinical manifestations of relapse.^[@R34]^

In a subgroup analysis, we examined patients who were re-induced to determine the prognostic effect of response to re-induction therapy. Interestingly, patients with better responses to re-induction pre-ASCT had superior survival post-ASCT. Also, as expected, deeper best-responses post-ASCT correlated with longer survival. It is impossible to know if the prognostic benefit of deeper responses to re-induction were a marker of chemo-sensitivity/indolent biology or a direct effect of gaining better disease control; only a randomized trial could answer this question. Interestingly, while it hasn't been studied extensively, the Medical Research Council Myeloma IX trial showed that in patients achieving minimal-residual disease (MRD)-negativity after up-front ASCT, disease status pre-ASCT (MRD+ vs. MRD−) had no effect on OS post-ASCT.^[@R35]^

Our study highlights that patients who were refractory to re-induction and/or those with high-risk cytogenetics constitute a group in need of more intensive post-ASCT interventions. Further, there was a trend towards the date of transplant being a predictor for OS in the multivariate analysis, likely reflecting the efficacy of contemporary triplet induction regimens, post-transplant maintenance, and more effective salvage therapies.

It is important to consider that future updates of the IFM 2009 trial may show an OS benefit for up-front ASCT \>5 years from diagnosis. If so, delayed ASCT might become less common, and perhaps the questions addressed by our study may be more relevant for patients proceeding to a second ASCT. Even though this is an effective salvage therapy,^[@R36],\ [@R37]^ we did not specifically study second salvage ASCT and it is unknown if our conclusions apply in that setting.

In summary, we did not find a survival detriment for patients who proceeded directly to salvage ASCT with R/R disease, compared to patients who were re-induced. Although based on retrospective data, our conclusions suggest that patients with more indolent biochemical progressions may be able to proceed directly to high-dose melphalan followed by ASCT. However, a sizable fraction of patients may need re-induction to obtain disease control, particularly in the case of aggressive, clinical relapses. Future studies re-examining this question may be warranted given the recent Food and Drug Administration approvals of robust, monoclonal antibody-based regimens for R/R disease. The role of MRD status in determining pre- and post-ASCT therapy is also highly of interest.
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![a. Schematic demonstrating the two study groups. *T*~*0*~ represents the date of progression, after which salvage ASCT was deemed necessary. After *T*~*0*~, patients received either re-induction with new anti-myeloma (MM) therapies (n=188), or proceeded directly to salvage ASCT without re-induction (n=46). "Pre-ASCT" refers to the laboratory findings immediately prior to the date of stem cell infusion (Day 0).](nihms-1527416-f0001){#F1}

![a. Best-response post-salvage ASCT in the patients who received re-induction (n=188) or proceeded directly to salvage ASCT (n=46).\
b. Best-response post-salvage ASCT in patients (n=188) who received re-induction, split by disease status pre-ASCT: ≥VGPR (n=46), partial response (PR) or stable disease (SD) (n=78), or relapsed/refractory (R/R) (n=64). Numbers indicate percentages. Proportions were compared with Fisher's exact test and the Kruskal--Wallis test, respectively.](nihms-1527416-f0002){#F2}

![a. Time to next therapy (TNT) from Day 0 amongst the entire cohort, split by whether patients received re-induction after *T*~*0*~, prior to salvage ASCT.\
b. Overall survival (OS) from Day 0 amongst the entire cohort, split by whether patients received re-induction after *T*~*0*~, prior to salvage ASCT.\
c. Time to Next Therapy (TNT) from Day 0 amongst patients who underwent re-induction prior to salvage ASCT (n=188), split by disease status pre-ASCT.\
d. Overall survival (OS) from Day 0 amongst patients who underwent re-induction prior to salvage ASCT (n=188), split by disease status pre-ASCT. Kaplan-Meier curves were compared with the log-rank test.](nihms-1527416-f0003){#F3}

![a. Time to Next Therapy (TNT) from Day 0 amongst patients who received re-induction after *T*~*0*~ (n=188), split by disease status pre-ASCT and best-response post-ASCT.\
b. Overall survival (OS) from Day 0 amongst patients who received re-induction after *T*~*0*~ (n=188), split by disease status pre-ASCT and best-response post-ASCT.\
c. Time to Next Therapy (TNT) from Day 0 amongst patients who proceeded directly to ASCT without re-induction after *T*~*0*~ (n=46), split by best-response post-ASCT.\
d. Overall survival (OS) from Day 0 amongst patients who proceeded directly to ASCT without re-induction after *T*~*0*~ (n=46), split by best-response post-ASCT. Kaplan-Meier curves were compared with the log-rank test.](nihms-1527416-f0004){#F4}

###### 

Characteristics at diagnosis and *T*~*0*~, both for the entire cohort (n=234) and split by treatment group, i.e. patients that proceeded directly to salvage ASCT (n=46) or received re-induction (n=188).

  Characteristic                                                                                                                  Entire cohort n=234   Direct to ASCT n=46   Re-induction n=188   *P*
  ------------------------------------------------------------------------------------------------------------------------------- --------------------- --------------------- -------------------- -----------
  **Age at diagnosis**, median (range)                                                                                            60 (27-75)            61 (27-70)            60 (36-75)           .35
  **Male**, n (%)                                                                                                                 136 (58)              29 (63)               107 (57)             .51
  **Type of Myeloma**, n (%)                                                                                                                                                                       
    IgG                                                                                                                           125 (53)              27 (59)               98 (52)              .52
    IgA                                                                                                                           54 (23)               7 (15)                47 (25)              
    Light chain                                                                                                                   47 (20)               10 (22)               37 (20)              
    Other                                                                                                                         8 (3)                 2 (4)                 6 (3)                
  **ISS at diagnosis**, n (%)                                                                                                                                                                      
    I                                                                                                                             68 (29)               13 (28)               55 (29)              .37
    II                                                                                                                            63 (27)               17 (37)               46 (24)              
    III                                                                                                                           42 (18)               7 (15)                35 (19)              
    *Missing data*                                                                                                                61 (26)               9 (20)                52 (28)              
  **FISH cytogenetics at diagnosis**, n (%)                                                                                                                                                        
    Standard risk                                                                                                                 136 (58)              29 (63)               107 (57)             .55
    High risk                                                                                                                     33 (14)               4 (9)                 29 (15)              
    *Missing data*                                                                                                                65 (28)               13 (28)               52 (28)              
  **Time from diagnosis to stem cell collection in months**, median (range)                                                       9.2 (0.2-102.0)       8.2 (3.7-65.1)        11.2 (0.2-102.0)     **.0082**
    \>12 months, n (%)                                                                                                            103 (44)              12 (26)               91 (48)              **.0077**
    ≤12 months, n (%)                                                                                                             131 (56)              34 (74)               97 (52)              
  **Bone marrow plasma cell % at stem cell collection,** median (range)                                                           5 (0-90)              5 (0-80)              5 (0-90)             .58
    \>10%, n(%)                                                                                                                   71 (32)               15 (33)               56 (30)              .83
    ≤10%, n(%)                                                                                                                    153 (68)              30 (65)               123 (65)             
    *Missing data*, n(%)                                                                                                          10 (4)                1 (2)                 9 (5)                
  **Time from diagnosis to *T***~***0***~ **in months**, median (range)[\*](#TFN2){ref-type="table-fn"}                           26.5 (3.1-103.9)      20.4 (7.5-85.7)       27.3 (3.1-103.9)     .42
  **Duration of response (DOR) prior to *T***~***0***~ **in months**, median (range)[\*](#TFN2){ref-type="table-fn"}              15.2 (1.9-99.3)       18.5 (3.6-83.9)       14.7 (1.9-99.3)      .12
  **Induction regimen(s) prior to *T***~***0***~, n (%)[\*](#TFN2){ref-type="table-fn"}                                                                                                            
    1 Line                                                                                                                        151 (65)              34 (74)               117 (62)             .37
     Triplet                                                                                                                      48                    12                    36                   
     Doublet                                                                                                                      98                    18                    80                   
     Other                                                                                                                        3                     2                     1                    
     *No novel agents*                                                                                                            2                     2                     0                    
    2 lines                                                                                                                       50 (21)               7 (15)                43 (23)              
    ≥3 lines                                                                                                                      33 (14)               5 (11)                28 (15)              
  **Deepest response prior to *T***~***0***~, n (%)[\*](#TFN2){ref-type="table-fn"}                                                                                                                
    sCR                                                                                                                           16 (7)                4 (9)                 12 (6)               .45
    CR                                                                                                                            44 (19)               7 (15)                37 (20)              
    VGPR                                                                                                                          97 (41)               16 (35)               81 (43)              
    PR                                                                                                                            77 (33)               19 (41)               58 (31)              
  **Time since most recent treatment prior to *T***~***0***~, n (%)[\*](#TFN2){ref-type="table-fn"}                                                                                                
    ≤60 days ("on-therapy")                                                                                                       156 (67)              35 (76)               121 (64)             .16
    \>60 days ("off-therapy")                                                                                                     78 (33)               11 (24)               67 (36)              
     Days off therapy to *T*~*0*~, median (range)                                                                                 324 (65-2979)         333 (65-1817)         287 (80-2979)        .98
  **Classification of Progression at *T***~***0***~, n(%)[\*](#TFN2){ref-type="table-fn"}                                                                                                          
    Biochemical[†](#TFN3){ref-type="table-fn"}                                                                                    192 (82)              43 (94)               149 (79)             **.0347**
    Clinical only (e.g. new bone lesion or plasmacytoma)                                                                          37 (16)               2 (4)                 35 (19)              
    Free light chain increase only[‡](#TFN4){ref-type="table-fn"}                                                                 5 (2)                 1 (2)                 4 (2)                
  **Serum M-protein present at *T***~***0***~, n (%)[\*](#TFN2){ref-type="table-fn"}^[§](#TFN5){ref-type="table-fn"}^             171 (73)              37 (80)               134 (71)             .27
    **Serum M-protein at *T***~***0***~ (g/dL), median (range)[\*](#TFN2){ref-type="table-fn"}^[§](#TFN5){ref-type="table-fn"}^   1.1 (0.01-7.2)        1.1 (0.01-2.7)        1.05 (0.01-7.2)      .52

**Bold** denotes *p*\<.05

*T*~*0*~ is the date of progression, after which salvage ASCT was deemed necessary.

M-protein increase (n=148); free light chain increase if light chain myeloma (n=41); bone marrow plasma cell increase if non-secretory (n=3).

Although not meeting strict IMWG progression criteria,^[@R26]^ free light chain increases in these patients were treated as a biochemical progression, i.e. free light chain escape.

Among patients with measurable serum M-protein. Unmeasurable fragments counted as 0.01 g/dL.

###### 

Regimens used in the patients (n=188) who were re-induced prior to salvage ASCT.

  Re-induction therapy[\*](#TFN6){ref-type="table-fn"}   n (%)
  ------------------------------------------------------ -------------
   Triplet-regimen                                       66
    CyBorD                                               35
    VRD                                                  18
    Other (e.g. KRd)                                     13
   Doublet-regimen                                       56
    Rd                                                   27
    Vd                                                   22
    Other (e.g. Kd)                                       7
   Alkylating agent (besides CyBorD), VAD, or VD PACE    8
   Daratumumab/Elotuzumab-containing regimen             4
  **2 lines**                                            **34 (18)**
   ≥1 Alkylating agent                                   24
   Daratumumab/Elotuzumab-containing regimen             2
   Other                                                 8
  **≥3 lines**                                           **20 (11)**
   ≥1 Alkylating agent                                   18
    VD PACE-like regimen                                 8
   Other                                                 2

Re-induction regimens:

CyBorD = cyclophosphamide + bortezomib + dexamethasone

VRd = bortezomib + lenalidomide + dexamethasone

KRd = carflilzomib + lenalidomide + dexamethasone

Rd = lenalidomide + dexamethasone

Vd = bortezomib + dexamethasone

Kd = carfilzomib + dexamethasone

Alkylating agent = melphalan, bendamustine, or cyclophosphamide.

VAD = bortezomib + doxorubicin + dexamethasone.

VD PACE = bortezomib + dexamethasone + cisplatin + doxorubicin + cyclophosphamide + etoposide +/− thalidomide.

###### 

Characteristics immediately prior to ASCT ("pre-ASCT"), both for the entire cohort (n=234) and split by treatment group, i.e. patients that proceeded directly to salvage ASCT (n=46) or received re-induction (n=188).

  Characteristic                                                                                                    Entire cohort n=234   Direct to ASCT n=46   Re-induction n=188   *P*
  ----------------------------------------------------------------------------------------------------------------- --------------------- --------------------- -------------------- -------------
  **Age at ASCT**, median (range)                                                                                   64 (29-76)            64 (29-74)            63.5 (39-76)         .58
  **Time period of ASCT**, n (%)                                                                                                                                                     
   January 1, 2013 and after                                                                                        106 (45)              17 (37)               89 (47)              .25
   December 31, 2012 and before                                                                                     128 (55)              29 (63)               99 (53)              
  **Time from *T*~*0*~ to ASCT in months**, median (range)[\*](#TFN17){ref-type="table-fn"}                         5.3 (0.2-37.0)        2.3 (0.2-37.0)        5.9 (1.2-18.0)       **\<.0001**
  **Serum creatinine** (mg/dL), median (range)[†](#TFN18){ref-type="table-fn"}                                      1.0 (0.5-6.8)         1.0 (0.5-5.1)         0.9 (0.5-6.8)        .15
  **Serum M-protein present**, n (%)[†](#TFN18){ref-type="table-fn"}                                                179 (76)              38 (83)               141 (75)             .33
   **Serum M-protein** (g/dL), median (range)[†](#TFN18){ref-type="table-fn"}[§](#TFN20){ref-type="table-fn"}       0.8 (0.01-6.1)        1.3 (0.01-6.1)        0.8 (0.01-5.9)       .07
  **Urine M-protein present**, n (%)[†](#TFN18){ref-type="table-fn"}                                                148 (67)              35 (78)               113 (64)             .11
  **Abnormal serum free light chain ratio**, n (%)[†](#TFN18){ref-type="table-fn"}                                  187 (82)              42 (91)               145 (79)             .09
  **Serum albumin** (g/dL), median (range)[†](#TFN18){ref-type="table-fn"}                                          3.4 (2.4-4.1)         3.4 (2.8-4.1)         3.4 (2.4-4.1)        .80
  **Serum B-2-microglobulin** (µg/mL), median (range)[†](#TFN18){ref-type="table-fn"}                               2.9 (1.2-32.1)        3.2 (1.6-19.2)        2.8 (1.2-32.1)       .17
   Abnormal B2M (≥3.5 µg/mL), n (%)                                                                                 70 (31)               18 (39)               52 (28)              .21
  **Serum LDH** (IU/L), median (range)[†](#TFN18){ref-type="table-fn"}                                              185 (100-819)         174 (100-380)         189 (105-819)        .13
   Abnormal LDH (≥222 IU/L), n (%)                                                                                  52 (23)               8 (17)                44 (24)              .43
  **Bone marrow plasma cell** %, median (range)[†](#TFN18){ref-type="table-fn"}                                     5 (0-95)              15 (0-80)             5 (0-95)             **.0018**
  **Disease status relative to *T***~*0*~, n (%)[\*](#TFN17){ref-type="table-fn"}[†](#TFN18){ref-type="table-fn"}                                                                    
   ≥VGPR (after 1-2 lines[‡](#TFN19){ref-type="table-fn"})                                                          46 (20)               0                     46 (24)              **\<.0001**
   PR or Stable Disease (after 1-2 lines[‡](#TFN19){ref-type="table-fn"})                                           78 (33)               0                     78 (41)              
   Relapsed/Refractory (and/or ≥3 lines[‡](#TFN19){ref-type="table-fn"})                                            110 (47)              46 (100)              64 (34)              
  **Melphalan dose**, n (%)                                                                                                                                                          
   200 mg/m^2^                                                                                                      190 (81)              38 (83)               152 (81)             .35
   Reduced-dose (e.g. 140 mg/m^2^)                                                                                  39 (17)               6 (13)                33 (18)              
   Other (e.g. +proteasome inhibitor)                                                                               5 (2)                 2 (4)                 3 (2)                
  **CD34+ cell dose** (×10^6^ cells/kg), median (range)                                                             4.19 (2.06-12.69)     4.19 (2.48-10.96)     4.19 (2.06-12.69)    .70
  **Maintenance post-ASCT**, n (%)                                                                                  82 (35)               15 (33)               67 (36)              .58
  **Consolidation post-ASCT**, n (%)                                                                                6 (3)                 0                     6 (3)                .60

**Bold** denotes *p*\<.05

*T*~*0*~ is the date of progression, after which salvage ASCT was deemed necessary.

Pre-ASCT, i.e. laboratory findings immediately prior to the date of stem cell infusion (Day 0).

Lines of re-induction therapy after *T*~*0*~, prior to salvage ASCT.

Among patients with measurable serum M-protein. Unmeasurable fragments counted as 0.01 g/dL.

###### 

Univariate and multivariate cox proportional hazard models for time to next therapy (TNT) and overall survival (OS) post-salvage ASCT.

                                                                                                                    Time to Next Therapy (TNT)   Overall Survival (OS)                                                                                               
  ----------------------------------------------------------------------------------------------------------------- ---------------------------- ----------------------- ------ ---------------------- ---------- ------------------ -------- ---------------------- -----------
  Age at ASCT[\*](#TFN23){ref-type="table-fn"}                                                                      \-                           0.99 (0.97-1.01)        .35                                      1.00 (0.98-1.02)   .82                             
  Date of ASCT, Before January 1, 2013 vs. after                                                                    128/234 (55)                 1.36 (1.01-1.84)        .04    1.44 (0.92-2.27)       .11        1.94 (1.23-3.06)   .004     1.90 (1.00-3.63)       .05
  High risk FISH cytogenetics[†](#TFN24){ref-type="table-fn"}                                                       33/169 (20)                  1.94 (1.28-2.92)        .002   **2.16 (1.27-3.66)**   **.004**   1.71 (1.03-2.82)   .04      **2.11 (1.14-3.89)**   **.02**
  ISS[†](#TFN24){ref-type="table-fn"}, III vs. I or II                                                              42/173 (24)                  1.61 (1.11-2.35)        .01    1.31 (0.80-2.17)       .28        1.56 (0.97-2.49)   .06      **1.96 (1.02-3.77)**   **.0437**
  Duration of response (DOR) prior to *T*~*0*~[\*](#TFN23){ref-type="table-fn"}^[‡](#TFN25){ref-type="table-fn"}^   \-                           0.99 (0.99-0.99)        .006   0.99 (0.99-1.00)       .62        0.99 (0.99-0.99)   \<.001   0.99 (0.99-1.00)       .17
  \# of lines of therapy prior to *T*~*0*~[\*](#TFN23){ref-type="table-fn"}^[‡](#TFN25){ref-type="table-fn"}^       \-                           1.18 (1.02-1.35)        .02    1.12 (0.86-1.43)       .39        1.30 (1.09-1.54)   .003     1.19 (0.85-1.64)       .30
  Deepest response prior to *T*~*0*~^[‡](#TFN25){ref-type="table-fn"}^, ≥CR vs. ≤VGPR                               60/234 (26)                  0.92 (0.65-1.29)        .65                                      1.00 (0.64-1.50)   1.0                             
  Bone marrow plasma cell percentage at stem cell collection, \>10% vs. ≤10%                                        71/224 (32)                  1.37 (1.01-1.87)        .05    1.16 (0.72-1.88)       .55        1.49 (1.04-2.16)   .03      1.02 (0.58-1.79)       .96
  Time from diagnosis to stem cell collection, \>12 vs. ≤12 months                                                  103/234 (44)                 1.07 (0.80-1.43)        .65                                      1.16 (0.82-1.66)   .40                             
  Progression (*T*~*0*~)^[‡](#TFN25){ref-type="table-fn"}^, on-therapy vs. off-therapy                              156/234 (67)                 1.28 (0.95-1.75)        .11                                      1.77 (1.18-2.64)   .005     1.52 (0.82-2.82)       .19
  Progression (*T*~*0*~)^[‡](#TFN25){ref-type="table-fn"}^, Clinical vs. biochemical only                           37/234 (16)                  1.29 (0.84-1.96)        .24                                      1.18 (0.75-1.85)   .49                             
  Treatment group^[§](#TFN26){ref-type="table-fn"}^, Re-induction vs. direct to ASCT                                188/234 (80)                 1.35 (0.93-1.95)        .11    1.30 (0.76-2.22)       .34        1.32 (0.85-2.05)   .22      1.21 (0.64-2.30)       .56

A forward selection Cox regression model was used, whereby any variable with *p*\< .10 in univariate analysis was included in the multivariate model.

**Bold** denotes *p*\< .05 in multivariate models.

Hazard Ratio (HR) denotes per-unit change in the regressor.

At diagnosis.

*T*~*0*~ is the date of progression, after which salvage ASCT was deemed necessary.

Treatment group was forced into the model to determine the impact of re-induction on TNT/OS after adjusting for other significant variables.
